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Abstract 

The hydrogenation of acetophenone, ^-hydroxy acetophenone (p-HAP) and p-isobutyl acetophenone was studied using Ni 
and bimetallic Ni-Pt supported on zeolite Y catalysts. A 10% Ni -supported -on -zeolite Y catalyst showed the optimum activity 
when compared to other Ni-supported catalysts. The activity of this catalyst decreased very rapidly on recycle; however, the 
bimetallic Ni-Pt-supported-on-zeolite Y catalyst was highly stable and showed constant activity on recycle. The addition of 
Pt catalyses the reduction of Ni 2+ to Ni°, as characterised by X-ray photoelectron spectroscopy (XPS) and other techniques. 
For the Ni-Pt bimetallic catalyst, the hydrogen adsorption was found to be higher than that for monometallic catalysts; the 
adsorbed hydrogen reacts with the activated acetophenone complex to facilitate the catalytic process. The FTTR analysis of 
adsorbed acetophenone on the catalyst samples indicated that, in both monometallic and bimetallic catalysts supported on 
zeolite Y, the C=0 bond of acetophenone is highly activated due to the strong interactions with the acidic sites present on 
the zeolite. Zeolite interactions with intermediate products and solvent moieties also influenced the selectivity behaviour. 
A trace amount of a base like NaOH acts as a promoter in improving the selectivity towards alcohol. A plausible reaction 
mechanism has been proposed for the hydrogenation of acetophenone and its derivatives using monometallic as well as 
bimetallic catalysts. ©2000 Elsevier Science B.V. Ail rights reserved. 
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1. Introduction 

Catalytic hydrogenation of organic compounds 
containing carbonyl groups is important in a vari- 
ety of chemical processes for the synthesis of fine 
chemicals and pharmaceuticals [1]. Some important 
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examples of this category are the hydrogenation of 
1 -phenyl ethanone (acetophenone) and its substituted 
derivatives such as l-(4-hydroxy phenyl) ethanone 
(/>-hydroxy acetophenone) and l-(4-isobutylphenyl) 
ethanone (p-isobutyl acetophenone) to their cor- 
responding secondary alcohols. These reactions 
are usually carried out in liquid phase using sup- 
ported metal catalysts. The selective hydrogenation 
of p-isobutyl acetophenone to l-(4-hydroxyphenyl) 
ethanol (p-isobutyl phenyl ethanol (p-IBPE)) is 
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important in the synthesis of Ibuprofen, a non-steroidal 
an ti -inflammatory drug. This new catalytic route pro- 
posed by Hoechst-Celanese and Boots is considered 
as a major innovation from economic as well as envi- 
ronmental viewpoints [2,3]. Since many side products 
are formed during the course of hydrogenation in such 
complex multistep reactions, the selectivity to a de- 
sired product is an important issue. In several reports, 
supported metal catalysts consisting of Ni, Pt, Pd and 
Rh have been suggested for the hydrogenation of ace- 
tophenone, but for the hydrogenation of p -hydroxy 
acetophenone and p-isobutyl acetophenone, most of 
the literature is patented and there are only a few re- 
ports which deal with the catalytic aspects involved in 
such important reactions [2-6]. It is well known that 
supported bimetallic catalysts can be advantageous 
over the monometallic systems to achieve higher ac- 
tivity, stability and in some cases, higher selectivity 
[7,8], These aspects have not been investigated in 
detail for the hydrogenation of acetophenone and its 
derivatives, except the work of Mas son et al. [9], 
Hammar-Thibault et al. [10], and more recently, the 
work of Rajashekharam and Chaudhari [11], using 
the Ni-Pt bimetallic catalyst system for the hydro- 
genation of acetophenone and its derivatives. 

The aim of this work was to study the hy- 
drogenation of acetophenone and its derivatives 
using monometallic Ni-supported and bimetallic 
Ni-Pt-supported-on -zeolite Y catalysts and an at- 
tempt has been made to correlate the structure-activity 
and structure-stability behaviour of various catalysts. 
For this purpose, the catalysts were characterised 
using different techniques such as X-ray diffraction 
(XRD), temperature programmed desorption (TPD) 
of H2, temperature programmed reduction (TPR), 
transmission electron microscopy (TEM), X-ray pho- 
toelectron spectroscopy (XPS) and in situ FTIR. A 
suitable reaction mechanism for the hydrogenation of 
acetophenone has also been proposed. 

2. Experimental 

2.7. Catalyst preparation 

Monometallic Ni-suppor ted-on -zeolite Y catalysts 
(Ni content in % w/w) were prepared by a precip- 
itation technique following the procedure described 



earlier [12]. For this purpose, the support zeolite Y 
(Si/Al = 4.5) was calcined for 4 h before use at 773 K. 
A slurry of the support was made in distilled water and 
stirred for 2 h at 363 K. To this hot solution, a known 
amount of Ni (N0 3 )2-6H 2 0 was added. After stirring 
for 6 h, 10% ammonium carbonate solution was added 
dropwise. The addition continued till a pH value of 10 
was attained. The resulting slurry was filtered to ob- 
tain a green cake and a colourless filtrate, confirming 
the complete precipitation of Ni as Ni carbonate. The 
AAS analysis revealed the absence of Ni in the fil- 
trate. The cake was dried overnight at 383 K and was 
calcined in a static air furnace at 773 K for 10 h. The 
reduction of the catalyst was carried out at 773 K at 
an H2 flow rate of 5 x 10~ 5 m 3 min _1 for 10 h. 

Bimetallic Ni-Pt catalyst was prepared by charging 
the Ni-supported-on-zeolite Y catalyst before calcina- 
tion to a toluene solution containing Pt (C8H12) CI2 
as Pt precursor. This suspension was refluxed for 4 h 
and the excess toluene was removed using a rotava- 
por. The powder obtained was calcined and reduced 
in the same manner as described above. Thus, a series 
of catalysts with varying Pt contents (in % w/w) were 
prepared by this method. The detailed specifications of 
these catalysts are Ni content: 5-20% (w/w), Pt con- 
tent: 0-2% (w/w), particle size: 1 x 10~ 5 m, surface 
area of support: 5x 10 5 m 2 kg _1 , particle density: 
2.5 x 10 3 kgm~ 3 , pore volume: 3 x 10~ 4 m 3 kg" 1 , 
porosity: 0.58. 



2.2. Catalyst characterisation 

XRD analysis of the catalyst samples were carried 
out by Phillips model no. 1730 using Ni filtered Cu 
Ka radiation and a proportional counter detector at a 
scan rate of 4° min -1 . The average crystallite size of 
metallic Ni was calculated using the Scherrer equation 
[13,14]. 

TPD and TPR experiments were carried out in a 
similar apparatus described elsewhere [15,16]. For 
TPD, a sample of 7.5 x 10" 5 kg was reduced under 
H2 flow at 673 K for 1 h and cooled to room temper- 
ature. The sample was heated in flowing argon up to 
adsorption temperature from 303 to 573 K. After the 
sample reached the desired temperature, argon was 
switched to hydrogen flowing at 5 x 10~ 5 m 3 min" 1 ; 
the temperature was maintained for 4 min, after which 
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the sample was cooled to 303 K. The sample was then 
heated at a rate of 30Kmin~ l up to 723 K and at an 
argon flow rate of 3 x 10~ 5 m 3 min -1 . The TPD of 
H2 was monitored by a thermal conductivity detector 
(TCD). The TPD was repealed a few times for the 
same sample in order to obtain reproducible spectra. 
For TPR, a gas stream of 10% hydrogen in argon 
was passed through the sample (7.5 x 10~ 5 kg) in 
a quartz reactor heated at lOKmin -1 up to 1023 K 
with a temperature-programmed furnace. The water 
produced by reduction was collected in a trap main- 
tained at 15 K. The amount of hydrogen consumed 
was detected by a TCD. The reduction temperature 
was monitored by a suitable thermocouple. 

XPS spectra were recorded on an ESCA-3-MK (VG 
Scientific, UK) using a Mg Ka radiation source. The 
sample was placed in a container and was mounted on 
a sample probe. The sample was subjected to evacu- 
ation at 10~ 8 Torr during data collection. CIS spectra 
have been used as a reference with a binding energy 
value of 284.6 eV; the spectra of different samples 
were corrected for surface charging. The spectral de- 
tails were computed and background subtraction was 
done to obtain Ni°, Ni 2+ and satellite peaks. 

The catalysts were also examined by in situ FTIR 
spectra of adsorbed acetophenone. FTTR spectra 
(NICOLET 60SXB) were scanned in transmittance 
mode using self-supported wafers placed in a high 
temperature and high vacuum cell. The sample was 
activated in vacuum (10~ 6 Torr) at 673 K for 5 h, then 
cooled down to 373 K before recording the spectrum. 
Then, acetophenone was adsorbed on the sample 
by equilibrating at 10 mm vapour pressure for 1 h. 
The weakly adsorbed acetophenone was removed by 
evacuating the sample chamber again for a period of 
1 h and the spectrum of adsorbed acetophenone was 
recorded. 



2.3. Activity measurement 

The activities of the catalysts prepared were tested 
for the hydrogenation of acetophenone and its deriva- 
tives in a 3 x 10~ 4 m 3 capacity stirred autoclave reac- 
tor made of SS 316 supplied by Parr Instrument Co., 
USA. It was equipped with arrangements for cool- 
ing coil, gas inlet/outlet and sampling of the liquid 
phase. Automatic temperature control, variable ag- 



itation speed, safety rupture disc, high temperature 
cut-off and pressure recording by a transducer were 
also provided. A storage reservoir for H2 gas was used 
along with a constant pressure regulator for supply of 
H 2 . This allowed the determination of H 2 consump- 
tion as a function of time, while maintaining the reac- 
tor at a constant desired pressure. 

In a typical catalyst recycle experiment, after com- 
pletion of the first reaction, the contents in the reac- 
tor were cooled to room temperature. The unreacted 
H2 was discharged from the reactor and the contents 
flushed with N 2 , two to three times. A fresh charge of 
acetophenone was added through a dip tube of the re- 
actor and the hydrogenation was carried out again as 
described above. 

The analysis of liquid samples for the quantita- 
tive estimation of the substrate consumed and reac- 
tion products was carried out using HP 5480 gas chro- 
matograph. A column packed with 10% OV 17 on 
Chromosorb W with 5 m length was used. The other 
conditions of analysis were oven temperature: 423 K; 
injection temperature: 473 K; FID temperature: 523 K 
and N 2 (carrier) gas flow rate: 4 x 10~ 5 m 3 min" 1 . 



3. Results and discussion 

3 A. Monometallic catalysts 

The results on the activity of several supported 
Ni catalysts for the hydrogenation of acetophenone 
are shown in Table 1. The activity of the catalysts 
has been explained in terms of turn over frequencies 
(TOFs) determined for constant reaction time. It was 
ensured that the results on catalyst activity obtained 
in the present work were under kinetically controlled 
conditions. For this purpose, the initial rate data were 
analysed to check the significance of gas-liquid, 
liquid-solid and intraparticle mass transfer effects 
following the quantitative criteria described by Ra- 
machandran and Chaudhari [17]. According to these 
criteria, factors c*i, a 2 and <p cxp defined as the ratios 
of the observed rate of reaction to the maximum rates 
of gas-liquid, liquid-solid and intraparticle mass 
transfer rates, respectively, were calculated as follows: 
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Table 1 

The hydrogenation of acetophenone using different supported Ni catalysts 3 
S. No. Catalyst 



% Conversion Product distribution (% selectivity) 



PEA 



Styrene Ether 



EB 



1 

2 
3 
4 
5 
6 



20% Ni/Al 2 0 3 
20% Ni/Ti0 2 
20% Ni/Si0 2 
20% Ni/H-ZSM5 
20% Ni/HY 
10% Ni/HY 



10 
10 

40 
25 
75 
70 



100 
100 
95 
95 
75 
74 



5 
5 
15 
14 



TOF 


L (nm) 


L (nm) 


XRD 


TPD 


1.2 


25 


31 


1.2 


20 


29 


5.8 


30 


18 


3.2 


25 


16 


10.7 


15 


20 


19.7 


12 


21 



Reaction condition concentration of acetophenone: 0.84 kmol m~ 3 ; catalyst: lOkgm^; hydrogen pressure, /> H ,: 30atm; solvent- 
MeOH temperature: 373 K; agnation speed: 15 Hz; reaction volume: 1 x lO'* m*; reaction time: 2h. Surface area of support • AKOv 
1.5 x lO^kg"*; Si0 2 : 5 x 10^ m^kg-'; Ti0 2 : 3 x l^m^kg^; HZSM-5: 2.5 x 10 5 m^kg^- HY- 5 x lO^kg-i 



a 2 = 



*A 



< 0.1 



<£exp = 



k s a p A* 



< 0.2 



(2) 



(3) 



The values of gas-liquid and liquid-solid mass trans- 
fer coefficients and diffusivity were calculated using 
correlations of Chaudhari et al. [18], Sano et al. [19] 
and Wilke and Chang [20], respectively. The tortuos- 
ity of the catalyst was assumed to be 3.5. The solubil- 
ity data for H 2 in methanol (MeOH) was used from 
the work of Radhakrishnan et al. [21]. This analysis 
showed that the values of au <*2 and 0 exp were below 
0.01, 0.09 and 0.15, respectively, clearly indicating 
the absence of mass transfer resistances for the data at 
dp = 10~ 5 rn. It can be seen from Table 1 that a 10% 
Ni -supported -on-zeolite Y catalyst offered the best 
activity for the hydrogenation of 1 -phenyl ethanone 
(acetophenone). This is due to the fact that particle 
size of metal supported on the zeolite is smaller than 
that of metal supported on other supports. The prod- 
ucts formed during the course of hydrogenation were 
found to be 1 -phenyl ethanol (PEA), phenylethane 
(ethyl benzene (EB)), 1-methoxy-l -phenyl ethane 
(phenyl ethyl methyl ether (PEME), when MeOH 
was used as a solvent) along with trace amounts of 
phenethylene (styrene). These products were iden- 
tified by GC and GC-MS, and in some cases, were 
separated by column chromatographic technique, pu- 
rified and analysed. The overall material balance of 
the reactants (H 2 and acetophenone) consumed and 
products formed was found to be >90%. A typical 
concentration-time profile for the hydrogenation of 



acetophenone at 393 K is shown in Fig. la, in which 
only the product PEA is shown. For the hydrogena- 
tion of l-(4-hydroxyphenyI) ethanone (p-hydroxy 
acetophenone) and 4-(propyI-2-methyl)-l -phenyl 
ethanone (p-isobutyl acetophenone), it was observed 
that the reaction pathway was similar to that of hydro- 
genation of acetophenone from the product analysis 
using GC and GC-MS. Hence, a generalised reaction 
scheme was proposed for the hydrogenation of ace- 
tophenone, p-hydroxy acetophenone and p-isobutyl 
acetophenone, as shown in Scheme 1. 

The typical concentration-time profiles for the 
hydrogenation of p-hydroxy acetophenone and 
p-isobutyl acetophenone at 393 K using a 10% 
Ni-supported-on-zeolite Y catalyst are shown in 
Fig. lb and c. It was observed that the amount of 
styrene derivative formed was less than 5% for all 
the three substrates under investigation and hence, 
was not shown in the concentration-time profiles; 
however, it has been included in the reaction scheme. 
The major products formed during hydrogenation of 
l-(4-hydroxyphenyl) ethanone (p-hydroxy acetophe- 
none (p-HAP)) were l-(4-hydroxyphenyl) ethanol 
(p-hydroxyphenyl ethanol (p-HPE)), l-(4-hydroxy- 
phenyl), 1-methoxy-ethane (p-hydroxyphenyl ethyl 
methyl ether (p-HPEME)) and l-(4-hydroxyphenyl) 
ethane (p-hydroxy ethyl benzene (p-HEB)). Cor- 
respondingly, the different products formed dur- 
ing hydrogenation of 4- (propyl -2- methyl), 1 -phenyl 
ethanone (p-isobutyl acetophenone) were found 
to be l-(4-hydroxyphenyl) ethanol (p-isobutyl 
phenyl ethanol (p-IBPE)), l-(4-isobutylphenyl), 
1-methoxy ethane (p-isobutyl phenyl ethyl methyl 
ether (p-IB Ether)) and 4-(propyl-2-methyl), 1 -phenyl 
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0 SO 100 150 200 250 300 

Time, ciln 

Fig. 1. Concentration— time profile for (a) the hydrogenation of acetophenone, (b) the hydrogenation of p-hydroxy acetophenone, (c) the 
hydrogenation of p-isobutyl acetophenone using 10% Ni/HY catalyst at 393 K. 



ethane (p-isobutyl ethyl benzene (p-IBEB)). It was 
observed that, at higher partial pressures of hydrogen 
and at longer reaction times, further hydrogenolysis 
of the ether derivative occurred, leading to the for- 
mation of the EB derivative; this reaction step has 
been considered in the reaction in Scheme 1. The 
hydrogenolysis of p-isobutyl phenyl ethyl methyl 



ether to p-isobutyl ethyl benzene has been reported 
by Rajashekharam and Chaudhari [22] using a 10% 
Ni-supported-on-zeolite Y catalyst. 

J. 7.7. XRD and TP D 

The X-ray line broadening analysis was performed 
for these monometallic catalysts and the results are 
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presented in Table 1. For a 10% Ni-supported-on -zeolite 
Y catalyst, the average metal particle size was found 
to be ~12nm. These average Ni particle sizes were 
calculated with the Sherrer equation by analysis of 



the Ni (1 1 1) peak at 20=44.3° (see Fig. 5). Ta- 
ble 1 also includes the values of Ni dispersion and 
crystallite sizes from the TPD of H 2 . TPD spectra 
for monometallic catalysts are shown in Fig. 2. The 
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Fig. 2. TPD of 20% Ni on various supports. 
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degree of Ni dispersion was evaluated assuming that 
the ratio of the total amount of adsorbed hydrogen 
atom to exposed Ni atom is 1:1. It was observed 
that, among the oxide supported Ni catalysts, Ni/SiC>2 
showed the highest hydrogen adsorption and this was 
directly proportional to its catalytic activity. It is inter- 
esting to note that, for 20% N i -supported -on -HZSM- 5 
catalyst, the metal dispersion is highest among the 
20% Ni supported catalysts even though the activity 
is lower than that of 20% Ni/Si0 2 catalyst. Similar 
observations were reported by Rode et al. [23] for the 
hydrogenation ofnitriles in which the changes in the 
catalytic activity was attributed to different surface 
geometry of the nickel particles. It was also observed 
that the particle size decreased with increase in the 
metal dispersion, possibly due to the increase in ex- 
posed Ni atoms on the surface. However, the metal 
particle sizes calculated from TFD measurements do 
not match very well with the particle sizes calcu- 
lated from the line broadening analysis of XRD even 
though the trend of decreasing particle size remains 
the same, as observed from the calculations made 
using both the techniques. TEM of monometallic 
Ni/zeolite Y indicated that segregates of Ni particles 
of different sizes and shapes are formed, leading to 
a lower degree of dispersion and highly disordered 
nature of the catalyst. 

3.1.2. TPR 

TPR spectra for monometallic catalysts showed 
a single peak in the range of 740-773 K for all 
samples, indicating reduction of Ni 24 " to Ni° [24]. 
However, the hydrogen consumption varied from 
73 to 95%, for various catalysts and was maxi- 
mum for Ni-supported-on-zeolite Y catalyst. This 
is in agreement with the activity results showing 
the conversion of acetophenone to be higher for 
Ni-supported-on-zeolite Y catalysts than that for other 
catalysts (see Table 1). 

3. L 3. XPS 

The XPS spectra of both Ni and bimetallic Ni-Pt 
catalysts are shown in Fig. 3. For monometallic Ni 
supported catalyst (Fig. 3b), three peaks correspond- 
ing to Ni°, Ni 2+ and Ni^J" were observed, consistent 
with the reported literature for Ni-supported catalysts 
[25,26]. The predominant peak of Ni 2+ in monometal- 
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Fig. 3. XPS spectra of 10% Ni-1% Pt/HY (a) and 10% Ni/HY (b). 

lie Ni catalysts clearly indicates the incomplete reduc- 
tion of Ni 2+ in monometallic Ni catalysts. 

3.1.4. Role of solvents 

The effect of solvents on the activity and selec- 
tivity of 10% Ni/zeolite Y catalyst was investigated 
at 373 K and 30atm pressure of hydrogen. The re- 
sults are presented in Table 2. It has been found that 
polar protic solvents yield better rates than apro- 
tic solvents. The formation of ether derivatives was 
observed in case of MeOH, ethanol (EtOH) and iso- 
propanol solvents, due to the solvent interactions with 
the resonance-stabilised carbocation of secondary al- 
cohol derivatives. This type of solvent interactions 
during liquid phase hydrogenation has been reported 
earlier [27,28]. Another important observation was 
that the formation of the corresponding ether product 
increases as the substituent group changes (acetophe- 
none < p-hydroxy acetophenone < p-isobutyl ace- 
tophenone). This trend was found to be similar for all 
the solvents investigated. Among these substituents, 
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Table 2 

The hydrogenation of acetophenone and its derivatives: role of solvents 3 



S. No. Solvent 



% 

Conversion 



Product distribution (% selectivity) 



TOF 



J0f 

(iv) 



OH 



^CH 3 



,JOr ^ .jot 



r>CH 2 
CH 3 



Dielectric 
constant (e) 



(v) 



(vi) 



R j§r~> 

(vii) 



1 


MeOH 


70 


74 


5 


7 


14 


19.7 


32.6 






62 


70 


4 


13 


13 


15.6 








57 


65 


4 


20 


11 


10.0 




2 


EtOH 


75 


70 


4 


5 


21 


22.4 


24.6 






68 


71 


4 


15 


10 


16.2 






60 


68 


4 


19 


9 


10.4 




3 


iso-PrOH 


85 


60 


4 


31 


5 


22.1 


18.3 






62 


58 


4 


28 


10 


14.8 






73 


45 


3 


43 


9 


12.6 




4 


w-Hexane 


10 


100 








2.4 


1.9 






10 


95 






5 


2.2 






8 


90 






10 


1.3 





v *' v v " ,w IVVY ' iX - 1A > iW1 U1C «^uu ^w, = ana ior tne third row, K = C 4 H 9 (isobutyl) for 
each catalyst. Reaction conditions: concentration of acetophenone [^-hydroxy acetophenone, p-isobutyl acetophenone]- 0 84kmolm- 3 
[0.74kmolm 3 ; 0.54kmolm 3 ]; catalyst: lOkgrn" 3 (10% Ni/HY); hydrogen pressure, : 30atm; temperature: 373 K; agitation speed- 
15 Hz; reaction volume: 1 x 10~ 4 m 3 ; reaction time: 2h. 



-OH group is a strong electron donor, which can sta- 
bilise the carbocation formed, leading to the formation 
of the ether derivative. However, the ether formation 
was maximum for p-isobutyl acetophenone substrate, 
indicating that other factors such as hydrogen bonding 
also play an important role in such reactions. 



3.2. Bimetallic Ni-Pt catalysts 

The results on the hydrogenation of acetophenone 
and its derivatives using bimetallic Ni-Pt-supported- 
on -zeolite Y catalysts along with the catalyst char- 
acterisation results on average metal crystallite size 
are shown in Table 3. The typical concentration-time 
profiles for the hydrogenation of acetophenone, 
p-hydroxy acetophenone and p-isobutyl acetophe- 
none at 373 K, using a 10% Ni-1% Pt-supported-on- 
zeolite Y catalyst, are shown in Fig. 4a-c. The 
results on the recycle study of Ni and bimetallic 
Ni-Pt-supported-on-zeoiite Y catalysts are shown in 
Table 4. It was observed that the bimetallic Ni-Pt 



catalysts are stable and showed constant activity on 
recycles. The monometallic Ni-supported-on-zeolite 
Y catalyst was unstable on recycle, as the catalytic 
activity reduced by more than 40% for all the three 
substrates under investigation at the first recycle it- 
self. These results indicate that there is a strong 
synergistic effect of Pt in Ni-Pt bimetallic catalysts. 
The effect of Pt content on the performance of the 
bimetallic Ni-Pt catalysts for the hydrogenation of 
acetophenone along with the recycle study is also 
shown in Tables 3 and 4. The activity increased only 
marginally with increase in the Pt content. This is due 
to increase in Pt content leading to the agglomeration 
of surface active Ni-Pt species and the formation of 
independent Pt particles in greater numbers. How- 
ever, all bimetallic Ni-Pt catalysts were found to be 
more stable and more active for at least three recycles 
when compared to the monometallic Ni catalysts. The 
presence of Pt in bimetallic Ni-Pt catalysts catalyses 
the reduction of Ni 2 + to Ni° due to a strong syn- 
ergistic effect [29]. The XRD patterns of 10% Ni- 
and bimetallic Ni-Pt- supported-on -zeolite Y catalysts 
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Table 3 

The hydrogenation of acetophenone and its derivatives using Ni-Pi bimetallic catalysts 3 

S. No. Solvent % Con- Product distribution (% selectivity) TOF L (nm) L (nm) 

version — 

OH V T ' 

jqT^ ,j§r^"> 



(iv) (v) (vi) (vii) X rd tpd 



1 


10% Ni/HY 


70 


74 


5 


7 


14 


19.7 


12 


21 






62 


70 


4 


13 


13 


15.6 










57 


65 


4 


20 


11 


10.0 






2 


10% Ni-0.5% Pt/HY 


81 


70 


2 


6 


22 


24.4 


10 


20 






73 


68 


3 


I 4 


15 


18.2 










65 


64 


5 


17 


14 


11.7 






3 


10% Ni-1% Pt/HY 


95 


60 




10 


30 


30.5 


10 


21 






79 


70 


2 


10 


18 


21.1 










65 


61 


3 


16 


20 


12.3 






4 


10% Ni-1.5% Pt/HY 


95 


65 


2 


5 


28 


30.0 


12 


20 






82 


65 


4 


8 


23 


21.9 










75 


60 


3 


12 


25 


16.7 






5 


10% Ni-2% Pt/HY 


100 


67 




7 


26 


31.1 


12 


21 






89 


58 




10 


32 


25.5 










86 


60 


2 


18 


20 


16.4 






6 


1% Pt/HY 


5 


60 


3 


21 


16 


4.75 










5 


75 




18 


7 


1.2 










4 


77 




25 


8 


1.0 







a From columns (iii) to (viii) for the first row, R = H, for the second row, R = OH and for the third row, R = C4H9 (isobutyl) for 
each catalyst. Reaction conditions: concentration of acetophenone [p-hydroxy acetophenone, p-isobutyl acetophenone]: 0.84kmolm~ 3 
[0.74kmolm~ 3 ; 0.54 kmol m~ 3 ]; catalyst: lOkgm" 3 ; hydrogen pressure, P^ 2 : 30atm; solvent: MeOH; temperature: 373 K; agitation speed: 
15 Hz; reaction volume: 1 x 10~ 4 m 3 ; reaction time: 2h. 



with varying Pt content are shown in Fig. 5. The 
XRD reflections indicate indirectly a synergistic ef- 
fect of Pt in bimetallic Ni-Pt catalysts. The addition 
of Pt has definitely changed the morphology and the 
crystalline nature of the Ni present in the sample, as 
evidenced from Fig. 5. Also, the intensity of the peaks 
was reduced when compared to the pure Ni-supported 
catalyst, indicating the well-dispersed nature of the 
bimetallic catalysts. These reflections indicate that 
the addition of Pt to Ni surface would have enabled 
Ni to form much smaller particles that are alloyed 
with Pt. This is also supported by the observation 
that only Pt-supported-on- zeolite Y catalyst shows 
not only poor activity but is also unstable on recycle 
for all the three substrates investigated (see Tables 3 
and 4). 



3.2. L TPR 

Fig. 6 shows the TPR spectra for the bimetallic 
Ni-Pt catalysts supported on HY zeolite. In these 
profiles, two peaks were observed: one at about 
563 K, corresponding to monometallic Pt catalyst 
[30] and the other at about 688 K. The second peak 
corresponds to that for Ni reduction, but the temper- 
ature has shifted to a lower value than that required 
for the monometallic Ni catalyst. This shift in the 
temperature of the TPR profiles has been observed 
earlier for Ni-Pt/Si02 catalysts, and more recently, 
for Ni-Pt-supported-on-modernite catalysts [31,32]. 
Also, the TPR profile of a physical mixture of Ni 
and Pt when reduced separately indicated no signif- 
icant change in the temperature of reduction when 
compared to the Ni catalyst alone [32]. These obser- 
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Fig. 4. Concentration-time profile for (a) the hydrogenation of acetophenone, (b) the hydrogenation of p-hydroxy acetophenone (c) the 
hydrogenation of p-isobutyl acetophenone using 10% Ni-1% Pt/HY catalyst at 373 K. 



vations can be interpreted either as the reduction of 
Ni catalysed by Pt or the interaction of two metals 
leading to an alloy formation. 

3.2,2. TEM 

Transmission electron micrographs of the bimetal- 
lic Ni-Pt supported on zeolite Y catalysts showed uni- 
form particles, close to spherical morphology. These 
results on TEM analysis support our XRD data, which 



indicated better dispersion of Ni in bimetallic Ni-Pt 
catalysts. Under the present conditions of the prepara- 
tion of bimetallic Ni-Pt catalysts, it is expected that a 
complete reduction of Ni takes place, leading to stable 
and uniform spherical particles. 

3.2.3. XPS 

The spectra of bimetallic 10% Ni-1% Pt-supported- 
on-zeolite Y catalyst (Fig. 3a) shows predominantly 
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Table 4 



The hydrogenation of acetophenone and its substituted derivatives: effect of recycle study 3 


S. No. 


Catalyst 


TOF for different substrates 






Aciplonhpnnnp 

r\Uvl\u/|7l IK* I IKJ lit- 


p-HAP 


m-IP. A P 


1 


10% Ni/HY (fresh) 


19.7 


15.6 


10.0 




Recycle 1 


13.8 


9.4 


5.2 




Recycle 2 


5.1 


4.9 


2.0 






\ i 






2 


10% Ni-1% Pt/HY (fresh) 


30.5 


21.1 


12.3 




Recycle 1 


30.0 


20.5 


11.7 




Recycle 2 


29.1 


19.1 


10.5 




Recycle 3 


28.7 


18.5 


9.6 


3 


10% Ni-2% Pt/HY 


31.1 


25.5 


16.4 




Recycle 1 


31.4 


23.6 


14.1 




Recycle 2 


28.6 


20.8 


13.6 




Recycle 3 








4 


1% Pt/HY 


4.75 


1.2 


1.0 




Recycle 1 


2.31 








Recycle 2 










Recycle 3 









a Reaction conditions: concentration of acetophenone [p-hydroxy acetophenone, p-isobutyl acetophenone]: 0.84 kmol m~ 3 [0.74 kmol m~ 3 ; 
0.54 kmol m~ 3 ] (in the fresh run only); catalyst: 10kg m~ 3 . Hydrogen pressure, P Hl : 30 aim; solvent: MeOH; temperature: 373 K; agitation 
speed: 15 Hz; reaction time: 2h. 




48 44 40 36 33 

29 



Fig. 5. XRD patterns for Ni and bimetallic Ni-Pt catalysts, a: 10% Ni/HY; b: 10% Ni-0.5% Pt/HY; c: 10% Ni-10% Ni-1% Pt/HY; d: 
10% Ni-1.5% Pt/HY; e: 10% Ni-2% Pt/HY 
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b = lO •/• Ni-O-5% Pt/HY 

c = IO V. Ni - 1 % Pt/HY 

d = lO °/« Ni - 1-5% Pt/HY 

e = IO % Ni -2% Pl/HY 



Fig. 6. TPR profiles of Ni and bimetallic Ni-Pl supported on zeolite Y catalysts. 



Table 5 

The hydrogenation of acetophenone and its substituted derivatives: effect of promoters 3 



S. No. Catalyst 



Promoter (concentration Substrate 







of NaOH) (kmolnr 3 ) 


Acetophenone 


^-HAP 




y?-IBAP 










% 


% 


% 


% 


% 


% 








Conversion 


Selectivity 


Conversion 


Selectivity 


Conversion 


Selectivity 










PEA 




p-HPE 




p-IBPE 


1 


10% Ni/HY 


0 


70 


74 


62 


70 


57 


65 






0.025 


62 


99 


55 


96 


50 


95 






0.125 


60 


99 


53 


97 


50 


98 


2 


10% Ni-1% Pt/HY 


0 


95 


60 


82 


65 


75 


60 






0.025 


86 


99 


73 


95 


67 


90 






0.125 


72 


95 


66 


93 


58 


95 



*™v^. ^..^v,,,*. w.^.u.iuuii ui d^cLupnciiune i/>nyaroxy acetopnenone, p-isobutyJ acetophenone]: 0.84kniol m _J [0.74 kmol m -3 - 
0.54kmolm ]; catalyst: lOkgm 3 ; hydrogen pressure, P Hl : 30atm; solvent: MeOH; temperature: 373 K; agitation speed: 15Hz; reaction 
volume: 1 x 10 4 m 3 ; reaction time: 2h. 
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the existence of Ni° in the sample. For the bimetal- 
lic Ni-Pt catalyst, the binding energy of the Ni 2 p3 /2 
line (Ni°) is significantly lower (851 eV) than that of 
corresponding line for the monometallic Ni catalyst. 
This lowering in binding energy for Ni-Pt catalysts 
clearly indicates that, in bimetallic catalysts, Ni is 
completely in the reduced form (Ni°). Also, the ab- 
sence of peaks corresponding to Ni 2 + in bimetallic 
catalysts indicates that the addition of Pt catalysed the 
reduction of Ni 2+ to Ni°, which is responsible for the 
hydrogenation reaction. These observations are con- 
sistent with the observation that the activity of recycled 
bimetallic Ni-Pt catalysts was the same as that of the 
fresh one. 

3.3. Role of promoters 

The roles of different organic and inorganic bases 
as promoters in improving the selectivity towards the 
secondary alcohol derivatives were investigated. The 
results in Table 5 indicate that NaOH plays an impor- 
tant role in improving the selectivity, while organic 
bases such as pyridine and piperidine inhibit the re- 
action. Also, for both Ni and bimetallic Ni-Pt cata- 
lysts, the role of NaOH is significant in improving 
the selectivity. In most cases, selectivities >95% were 
observed when NaOH was used. In the presence of 
a base like NaOH, initially, an enolate ion is formed 
[33]. Adsorption of this species on the catalyst and 
hydride ion transfer from the catalyst, followed by 
protonation from the solution, gives almost selectively 
the secondary alcohol, as shown in Scheme 2. Also, 
the presence of a base causes neutralisation of acidic 
sites present on the catalyst which would otherwise 
cause the dehydration of the secondary alcohol already 
formed. This is discussed in more detail under Section 
3.4. 

3.4. Reaction mechanism 

The difference in the activities of Ni and Ni-Pt 
bimetallic catalysts indicates strong interactions of 
the substrates under investigation with various ac- 
tive sites, indicating a possibility of different types 
of mechanisms operating for these catalysts. In 
Ni-supported-on-zeolite Y, the activity of the catalysts 
depends on the extent to which two different types of 



active sites for hydrogenation are formed. The first 
site means the metallic Ni sites at exchanged protons 
of the zeolite where small Ni clusters are formed dur- 
ing calcination/activation [34]. The second active site, 
which is present in excess in pure metallic Ni form, 
covers the external surface area of the zeolite during 
the precipitation process of the catalyst and conse- 
quent steps of calcination/activation. In bimetallic 
Ni-Pt catalysts, the addition of Pt to Ni forms a mis- 
cible alloy of Ni-Pt fostering the stability of reduced 
Ni. In this case, the hydrogen adsorption is increased 
due to the presence of well -dispersed Ni-Pt particles. 
It has been speculated by Raab and Lercher [35] that, 
for gas phase hydrogenation of crotonaldehyde, the 
hydrogenation rate increases for Ni-Pt/Si02 due to 
the interactions of C=0 group with the bimetallic 
catalyst. 

Different FTIR spectra of acetophenone ad- 
sorbed at 373 K on 10% Ni-, 10% Ni-1% Pt-, 1% 
Pt-supported-on-zeolite Y and pure zeolite Y samples 
are presented in Fig. 7. In the region of hydroxy I 
group stretching vibrations, disappearance of peaks 
(-ve peaks) at 3745, 3695, 3625 and 3675 cm -1 , is 
attributed to perturbation and shifting to lower fre- 
quency due to interaction with both benzene ring 
and the C=0 bond of adsorbed acetophenone. These 
—OH groups are assigned to surface silinol, extra 
lattice silica-alumina debris, bridging acidic OH 
groups situated in super cages and those in sodalite 
cages, respectively [36]. It can be seen that rela- 
tively fewer acidic OH groups are affected in the 
modified zeolite Y than on pure zeolite Y samples. 
In Fig. 7a-d, FTIR spectra of the acetophenone ad- 
sorbed (1800-1350 cm -1 ) on the catalyst samples 
(HY zeolite, 10% Ni-supported-on-zeolite Y, bimetal- 
lic 10% Ni-1% Pt-supported-on-zeolite Y and 1% 
Pt-supported-on-zeolite Y samples) are presented. 
The characteristic C=0 group vibration which occurs 
at 1685 cm" 1 for pure acetophenone is shifted to 
1670cm"" 1 , due to the weakening of the C=0 vibra- 
tions because of strong interactions with the protons 
in zeolite. The fact that the shift (15 cm" 1 ) is the 
same for all the samples indicates that the interaction 
is energetically not different for all the samples un- 
der investigation. Bosacek and Kubelkara [37] have 
also reported a similar type of observation. In their 
study, the shift was in C=0 frequency in the case of 
acetone adsorbed on zeolite Y and HZSM-5 zeolites. 
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Fig. 7. FTIR spectra of acetophenone adsorbed catalysts. 
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Scheme 3. Schematic representation of the reaction mechanism. 
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Another feature in the spectra of adsorbed acetophe- 
none is the appearance of additional bands at around 
1625 cm"" 1 , other than pure acetophenone. This is 
probably due to the adsorption of reaction products of 
acetophenone like phenyl ethyl alcohol, as reported 
by Venuto and Landis [38]. Thus, the role of Pt in the 
bimetallic Ni-Pt catalyst is to catalyse the reduction 
of Ni 2+ to Ni° and it does not significantly activate 
the C=0 bond during the catalytic process. It was 
speculated that the C=0 bond is highly activated due 
to the strong interactions with the zeolitic proton [37], 
leading to the formation of a charge-delocalised CO 
bond, and hydride attack from the catalyst surface is 
facilitated. Also, a third type of site responsible for 
the ether formation is shown in Scheme 3; this is es- 
sentially the acidic site present in the zeolite support. 
First, the formation of a ir-benzyl complex is believed 
to take place [39], and due to acidic sites present on 
the catalyst, dehydration of the secondary alcohol 
derivative takes place, leading to a carbocation which 
is resonance-stabilised. This carbocation interacts in 
SN1 fashion, forming ether derivatives if MeOH is 
used as a solvent. The presence of a base eliminates 
the dehydration route, giving highest selectivity to 
secondary alcohol. 



4. Conclusions 

Hydrogenation of acetophenone and its substi- 
tuted derivatives was studied using Ni and bimetallic 
Ni-Pt on various supports. It was found that 10% 
Ni-supported-on-zeolite Y gave the best activity 
among the monometallic catalysts for the hydrogena- 
tion of acetophenone and its substituted derivatives. 
Bimetallic Ni-Pt catalysts were found to be more 
active and stable as compared to monometallic Ni cat- 
alysts. The catalyst characterisation results revealed 
that doping of Pt catalyses the complete reduction of 
Ni 2+ to Ni°, leading to the higher activity of these 
catalysts. FUR studies showed that the interactions 
of the zeolite support with intermediates formed dur- 
ing the course of hydrogenation and solvent moieties 
(MeOH in this work) led to the formation of ether 
derivatives. Addition of a trace amount of base like 
NaOH improves tremendously the selectivity towards 
the secondary alcohol derivatives. 



5. Notation 

A hydrogen 

/4* concentration of A at the gas-liquid interface 
(kmol m~ 3 ) 

a p external surface area of the catalyst per unit 

volume (m 2 m~ 3 ) 
B concentration of reactant B (kmol m~ 3 ) 
D c effective diffusivity (m 2 s" 1 ) 
dp diameter of catalyst particle (m) 
Ra rate of hydrogenation reaction (kmol m~ 3 s~" 1 ) 
w catalyst loading (kgm -3 ) 



5.1. Greek letters 

a i parameter defined by Eq. (1) 
<*i parameter defined by Eq. (2) 
<£exp parameter defined by Eq. (3) 
p s particle density (kgm -3 ) 
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